Long-term changes in relative and absolute zooplankton abundance and species composition were compared between the Dove Marine Laboratory and Continuous Plankton Recorder (CPR) time series in the central-western North Sea. The two time series employ different sampling mechanisms, with the Dove series being obtained by net sampling at a fixed station off the Northumberland coast, while the CPR series utilizes a network of fixed towed routes. It was found that there was a significant correlation
 (r = 0.64, P < 0.001) 
between the relative year-to-year fluctuations of the two series and a significant agreement in the pattern of year-to-year variations in species composition of the dominant taxa (P = 0.01) over the majority of the time period. However, examination of absolute zooplankton abundances found large differences between the two time series. Differences in mesh size and in the sample processing methodologies were not wholly responsible for these. Model-derived catching efficiencies for the two sampling devices suggested that differences in absolute abundances may have been mainly due in some taxa to a greater degree of active avoidance of the CPR sampling device by zooplankton, although it is likely that passive avoidance as a result of hydrodynamic factors has a role.
plankton dynamics and changes in species composition [e.g. (Colebrook, 1986) ], spatial distribution of zooplankton communities (Colebrook, 1986; Williams et al., 1993; Planque, 1996) and the long-term control of zooplankton communities through changes in climatic (Taylor, 1995; Fromentin and Planque, 1996) and meteorological variables (Colebrook, 1986; Reid et al., 1998) .
Monthly sampling of the Northumberland zooplankton community at a single station by the Dove Marine Laboratory has been carried out from 1968 to the present, using a combination of WP2 and WP3 nets (UNESCO, 1968) . Analyses of the time series data have been used to obtain productivity estimates and to observe the seasonal patterns of the Northumberland zooplankton community (Roff et al., 1988; Evans and Edwards, 1993) . Studies have also been made of the interannual variability of the zooplankton (Evans and Edwards, 1993) and suggested parallel shifts in community structure with a station in the central-eastern North Sea (Austen et al., 1991) . More recent analyses have examined the role of plankton predators in the zooplankton community (Frid et al., 1994) , in the similarities in the year-toyear fluctuations in plankton abundance with changes in the Gulf Stream North Wall (Frid and Huliselan, 1996) , and parallel shifts in community structure with the benthos and fish populations (Pearce and Frid, 1999) .
Despite the application of the Dove and especially the CPR data in many temporal (and, in the case of the CPR, spatial) investigations of zooplankton dynamics, there has been little work on actually assessing the suitability or quality of either time series for such studies, although the consistency of the CPR data over the past 50 years has been questioned on occasion (Hays and Warner, 1993; Hays, 1994) . It could also be argued, for instance, that such time series are unlikely to be consistent due to changes in taxonomists over the years of operation. It is also not known whether the method of assembling CPR time series from a large spatial area may be problematic, given the potential spatial differences in zooplankton communities sampled from such wide areas. In this study, we compare the long-term trends and species composition taken from the Dove permanent station and CPR zooplankton time series from the central-west North Sea area (Figure 2 ), alongside knowledge of their different sampling and processing methodologies (see Table I ). This comparison therefore increases our understanding of the Dove and CPR data sets, as well as highlighting potential problems that need to be considered in future use of these extending time series.
S T U D Y S I T E A N D M E T H O D Programme backgrounds and sampling methodologies

CPR time series
The Hardy plankton recorder (Figure 1 ) is deployed from a 'ship of opportunity' some distance from the coast when the water depth is sufficient to accommodate the device (at least 10 m). Water enters the Hardy recorder through the 1.27 cm 2 entrance aperture and passes through a silk filtering mesh (mesh size 270 µm) (Table I) (Warner and Hays, 1994) . The movement of the device through the JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   water turns an external propeller, which moves the silk across the internal tunnel at a rate of 10 cm per 10 nautical miles. As it leaves the tunnel, the filtering silk is covered by a second band of silk so that the plankton are sandwiched between these two layers. This sandwich then moves into a storage tank containing formaldehyde. On return to the laboratory, and from the position that the recorder was deployed and recovered, silks are divided into blocks corresponding to 10 nautical miles of tow. Zooplankton and phytoplankton species are then counted in alternating 10 nautical mile blocks (Warner and Hays, 1994) . It is regarded that each 10 nautical mile block refers to 3 m 3 of water filtered by the device, although due to variations in filtration efficiency, the volume of water filtered may actually vary between 1 and 4 m 3 per sample. CPR data between 1969 and 1996 were obtained for an area in the central-western North Sea between the Firth of Forth, SE Scotland (56º05ЈN, 2º40ЈW), Flamborough Head, NE England (54º07ЈN, 0º04°W) and ~120 km offshore (56º05ЈN, 0º04ЈW) (see Figure 2) . The dimensions of the area chosen were to be as small as possible so as to be as comparable with the Dove permanent station, yet including enough sampling points to give a reasonable monthly resolution. Hydrography was also considered in that Flamborough Head is considered to be a frontal boundary (Mann and Lazier, 1991) .
Dove Marine Laboratory time series
Zooplankton sampling by the Dove Marine Laboratory was initiated at a station ~5.5 nautical miles east of Blyth on the Northumberland coast at 55º07ЈN 01º20ЈW in August 1968 (Figure 2 ). Sampling has taken place on a monthly basis, except in 1989 when no samples were taken. Sampling consisted of four vertical hauls from 50 m to the surface (water depth ~54 m), which were pooled to give a sample equivalent to a 200 m water column, using a 200 µm mesh WP2 net (UNESCO, 1968) with a mouth diameter of 0.56 m (Table II) . In addition, a 10 min horizontal trawl at ~30 m depth was taken using a 1 mm mesh WP3 net with a 1 m mouth diameter (UNESCO, 1968) . Sampling methodology remained unchanged throughout the period, although since May 1973 a flowmeter has been mounted in the mouth of each net to allow determination of the exact volume of water filtered. The zooplankton catch from each net was immediately preserved in 4% buffered formaldehyde in sea water. On return to the laboratory, zooplankton were identified to species level where possible, and abundances determined. The abundance of each taxon was derived, according to its size, from either the WP2 or the WP3 net [see Evans and Edwards (Evans and Edwards, 1993) for rationale]. Certain taxa were further subdivided into sexes, or were categorized as juveniles and adults.
Initial data manipulations
Zooplankton taxa in the Dove monitoring programme were generally identified to a higher taxonomic resolution than in the CPR programme. Taxonomic resolution was standardized to the lowest level that allowed a direct comparison to be made between the two time series (Table IIa and b) . Following this, the number of entities used in the analysis was 40, with the Dove zooplankton being reduced from a total of 62 entities and the CPR zooplankton reduced from 47 entities. These aggregated taxonomic categories were used for all analyses, except total zooplankton, which refers to the total abundance of individuals, per cubic metre, recorded in the original data set, including those taxa that are only present in one of the series. Data for months missing in the CPR series were linearly interpolated from adjacent months. However, due to the large number of missing months in 1978 and 1979, these years have been omitted where annual data were required for the analysis. Where calculations were based on monthly data, these years were included. All calculations were performed on abundances per cubic metre.
Numerical analyses
Comparison of year-to-year and seasonal fluctuations
The similarity in year-to-year fluctuations and mean seasonal cycles between the two time series were graphically compared using standardized (zero mean and unit variance) annual means and log 10 monthly abundances of total omnivores and total predators, respectively. 
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Limacina retroversa
Comparison of overall and year-to-year changes in community structure
In order to determine the degree of resemblance of the extent of year-to-year changes in community structure (i.e. distribution of individuals between taxa) between the two time series, these were compared using calculated Bray-Curtis similarity indices for each time series and displayed using MDS ordinations. 'Relate' [in the PRIMER package 'Plymouth Routines In Marine Ecological Research' (Clarke and Warwick, 1994) ] was used to compare the multivariate patterns observed in the two monitoring programmes (using 5000 permutations). The significance level obtained gives the probability of 'no relationship' in the two multivariate patterns (Clarke and Warwick, 1994) .
Year-to-year fluctuations in individual taxa
Year-to-year fluctuations in dominant taxa, i.e. those contributing, on average, >1% to the total abundance, were correlated to determine which taxa in the two time series were displaying good synchrony through time. Owing to multiple comparisons, a global significance level was applied to the table of results calculated from the binomial distribution.
Comparison of absolute abundances
To assess the similarity in abundances between the two time series, annual mean abundances of total zooplankton for each time series were compared graphically. To enable a taxon-by-taxon comparison of the abundances, the ratio between the Dove and the CPR abundance was calculated from the annual means of each of the dominant taxa.
Examination of regional differences
To assess whether there were any differences in the community structure (distribution of species abundance) and total zooplankton abundances of the CPR and Dove time series which could be attributed to the sampling of different geographical areas with different zooplankton communities, CPR samples from an area adjacent (within 0.2º latitude and longitude) to the Dove permanent station, and those from a block in the most distant part of the area considered in this study (between 56º05ЈN, 0º25ЈW and 55º90ЈN, 0º04ЈW were compared). Data were extracted from the Dove permanent station data set to give a temporally matched (same month) series for comparison to the CPR data. Total abundances of zooplankton for each date were graphically compared between CPR and Dove data. Community structure was examined through calculation of Bray-Curtis similarity indices with a log 10 + 1 transformation with the abundances of each of the four sets (CPR adjacent, CPR distant and the two temporally matched series from the Dove set). Samples were standardized (zero mean and units variance) and plotted using MDS ordination.
Examination of the CPR category counting system
In order to observe the effect of the category counting system employed by the CPR survey on estimates of zooplankton abundance, the system was applied to seven a priori selected taxa in the Dove zooplankton series. The taxa were selected to cover a wide variety of sizes and body morphologies. These were Acartia, Calanus, Evadne, Oithona, Pseudocalanus, Sagitta and echinoderm larvae. The category counting system was applied following Warner and Hays (Warner and Hays, 1994) to obtain the 'accepted midpoint' value. The estimated abundances were then calculated from the samples and compared to the observed abundances. A statistical comparison of the actual and estimated abundances would be invalid due to non-independence of the two data sets, although standard errors were examined. Under a null hypothesis of no consistent bias, it would be expected that half of the estimated abundances would be above the actual means and half below. The probability was calculated for obtaining the observed distribution of differences under the null hypothesis (binomial distribution).
Estimation of zooplankton avoidance
The theoretical effectiveness of towed samplers is a complex problem in analytical geometry (UNESCO, 1968) . Catching efficiency [defined as 'the proportion of individuals caught in the sampling device (C i ), out of the total number of individuals in the path of the sampler (N)'] was calculated for each of the three different types of gear (Hardy plankton recorder, WP2 net and WP3 net) and plotted against K (the avoidance parameter). K is the product of the distance at which an individual detects the approaching sampler and the escape speed of the individual. Thus, an individual that detects the sampler at a long distance, but has a slow escape speed, could have the same value of K as an individual with a short detection distance but high escape speed. At high values of K, and using the low entrance apertures found in the Hardy recorder, the model breaks down when catching efficiency may be calculated to be below zero. Therefore, any calculations where the catching efficiency was calculated as being less than zero were constrained to zero. It should also be remembered that the model refers to a towed 'conical net', whereas we are applying it to a high-speed sampler with a large body to aperture size, which is likely to produce different hydrological, acoustic and visual stimuli.
R E S U L T S Comparison of relative fluctuations and community structure
The two standardized time series of total zooplankton abundance show a good agreement in their year-to-year fluctuations (r = 0.64, P < 0.001) (Figure 3a) . However, a few years do exhibit notable differences, with 1975 and 1981 having a relatively higher abundance in the Dove time series compared to the CPR. Conversely, 1976 and 1985 were relatively high-abundance years in the CPR in contrast to the Dove time series. The mean seasonal cycle of total omnivores in the two time series also displays good agreement (Figure 3b) . In both the Dove and CPR time series, the start to the productive season begins in February-March and peaks in June. Seasonal cycles of total predators display less similarity (Figure 3b ), although they show a parallel increase from April to May and decrease from October onwards. In the Dove and CPR series, 13 taxa occur at a mean abundance of ≥1% of the individuals in a sample and these represent, on average, >95% of the individuals taken (Table IIIa and b) . Nine of the dominant taxa were common to both series and six were ranked in the same order. The most marked differences were the position of Oithona (ranked 2 in the Dove and 7 in the CPR series) and of echinoderm larvae (ranked 2 in the CPR and 10 in the Dove series).
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A comparison of the multivariate pattern of community change in species composition through time using 'Relate' (Clarke and Warwick, 1994 ) from 1969 to 1996 found that there was no significant agreement in the pattern between the two time series (probability of no relationship = 15.1%). However, the years 1980-1982 in the CPR series were quite distinct from the remainder of the series, due to a very low abundance of Acartia in these years. Removal of these years and reanalysis ('Relate') revealed a good agreement (probability of no relationship = 1.0%) in the pattern of year-to-year changes of species composition within each of the two time series (Figure 4a and b) , suggesting that the pattern of community composition change was similar.
R. A. CLARK, C. L. J. FRID AND S. BATTEN TWO LONG-TERM ZOOPLANKTON TIME SERIES FROM NORTH SEA

Five of the dominant taxa were found to display significant correlations in relative abundance between the two time series (Table IV) . However, there was no apparent pattern to the strength of correlation with phylogeny or with absolute abundance of taxa in the time series. Of the 41 taxa analysed, nine showed significant correlations between the Dove and CPR time series, and these taxa accounted for 38.6 and 36.0% of the individuals in the two series, respectively.
Comparison of absolute fluctuations in abundance
Although there was good agreement in the scale of yearto-year fluctuations in total abundance, in the pattern of the seasonal cycle, in the species composition over the whole time series and the pattern of community change through time, there were marked differences in the absolute abundances recorded by the two series ( Figure 5 ). The Dove monitoring programme caught ~15 times as many individuals as the CPR over the whole time series, with an average abundance of~4500 individuals m -3 compared to 293 individuals m -3 in the CPR series.
Investigation into discrepancy in abundances
There was no distinct difference in the species composition of the CPR samples taken adjacent to and remote from the Dove permanent station (Figure 6a ). The species compositions of the Dove samples are ordinated amongst those from the CPR taken at the same time and from both areas. However, there were differences in the abundances between the Dove and CPR series from near to the Dove permanent station and distant from it (Figure 6b and c) . This suggests that the dissimilarities in abundance were not due to the wider geographic coverage of the CPR data set.
Differences in mesh size will also contribute to differences in abundance recorded (Table V) , especially in the smaller taxa such as Oithona, and the younger juvenile stages which are not usually retained by the CPR mesh, and this could be largely responsible for the large ratios detected for some of these smaller taxa. However, examination of the ratios in abundance between the CPR and Dove time series (Table V) for individual taxa revealed no obvious pattern by phylogeny, and there was no significant relationship between the approximate width of each taxon and its Dove:CPR abundance ratio (Figure 7) . Table V does show that the more commonly caught taxa appear to have ratios <20:1, with most between 10 and JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Fig. 4 . MDS plot produced after calculation of the Bray-Curtis similarity index on log 10 + 1 transformed data from yearly average data covering the years 1969-1977, 1980-1988 and 1990-1996 from (a) Dove zooplankton (MDS stress value = 0.18), (b) CPR zooplankton (MDS stress value = 0.13). 16. The notable exception to this is the small copepod Oithona, with a ratio of almost 50:1. Echinoderm larvae, the second most abundant taxon in the CPR series, stood out with an abundance ratio close to one. In addition, larger taxa such as Calanus or appendicularians also show marked difference in abundance between the two series (Table V) , which would be expected to be caught equally by either a 200 or a 270 µm mesh. Binned mean abundances as used by the CPR were found to be lower than actual abundances for all seven taxa investigated (Figure 8) . A binomial test verifies that there was only a probability of 0.008 that this result would occur due to chance. Using the seven selected taxa as examples, it was found that estimated abundances were on average 3.7% less than the actual abundances. Therefore, the category counting system was not wholly responsible for the lower abundances observed in the CPR time series, although they do appear to contribute towards the observed discrepancy.
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
The catching efficiency of all the samplers declines with increasing avoidance ability (K) (Figure 9 ). However, this decline is most pronounced for the Hardy plankton recorder, and even at relatively low escape abilities (K < 0.05) the catching efficiency of the Hardy plankton recorder is almost zero. By comparison, the 56-cmdiameter WP2 net catches almost three-quarters of individuals at K = 0.05 m s -1 . The large 113 cm WP3 gear has the greatest catching efficiency, which would be expected given the moderate towing speed and large size of the mouth. Using a more specific example, the copepod Anomalocera is able to swim at rates up to 15 cm s -1 (UNESCO, 1968) . Assuming that they are able to detect the sampler at 0.25 m distance, this would give K = 0.0375 and an estimated catching efficiency of 0.141 for the Hardy plankton recorder. The WP3 net from which Anomalocera abundances are derived in the Dove series would have a catching efficiency of 0.937. However, as larger taxa generally have higher values of K, if the catching efficiency of the sampler were solely responsible for the observed differences in abundance, then it would be expected that such larger taxa would have higher Dove:CPR abundance ratios; yet, no such relationship was present in the data (Figure 7 ).
D I S C U S S I O N
The two monitoring programmes do show an excellent agreement in the scale of year-to-year fluctuations in abundance (Figure 3a) , and the taxa that show significant JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -  correlations with one another constitute over one-third of the total abundance in each time series (Table IV) . Seasonal cycles also display a good comparison ( Figure 3b ). As both the Dove and CPR data have been successfully used to establish links between environmental and climatic variables (Evans, 1977; Roff et al., 1988; Evans and Edwards, 1993; Taylor, 1995; Planque and Taylor, 1998) , these results give increased confidence that the relative year-to-year fluctuations are accurate and appropriate for such comparisons. The similar order in abundance of the dominant taxa in each time series (Table IIIa and b) also implies that despite the larger spatial area covered by the CPR data, the species composition is similar in this area of the North Sea. These results also establish that changes in taxonomists over the years of operation are not a factor that affects the consistency of the Dove or CPR time series. The most apparent difference between the time series is the higher abundances detected by the Dove monitoring programme ( Figure 5 ). There are a number of factors that could potentially be responsible for the observed dissimilarity. These are differences in spatial area sampled, deployment of the sampler, sampler design, mesh size, or in counting and taxonomy. Spatial differences appear not to be responsible for the higher abundances observed, as abundances are much higher in Dove zooplankton samples compared to CPR samples taken both near to, and far from, the permanent station (Figure 6b and c) . It would also appear that, generally, the community structure of the dominant taxa sampled by the Dove programme is similar to that of the central-west North Sea area as determined by the CPR (Figure 6a ). Further evidence of this comes from the significant agreement in the pattern of year-to-year changes in species composition within each of the two time series, as shown by the 'Relate' analysis. Therefore, this suggests that the time series are sampling a similar zooplankton community, but the differences in abundance suggest that this community is being sampled with different degrees of efficiency. In addition, this would suggest that the assembling of CPR time series from wide geographical areas is an appropriate procedure [e.g. (Colebrook, 1986) ].

With the finer mesh size used in the WP2 gear, the Dove time series will catch individuals with dimensions between 200 and 270 µm that would pass through the CPR mesh. However, if mesh size were solely responsible for the observed differences in abundance, it would be expected that there would be a negative relationship between the Dove:CPR ratio and size of taxa (Figure 7) . Given that there is no such relationship, and as high abundance ratios are observed in large taxa such as the Chaetognatha (Table V) , size is not a major factor in causing the marked differences in abundance between the two series. Certainly, the ability of the CPR device to quantify abundances of small taxa such as Oithona has been questioned (Fransz et al., 1991) , and it is notable that despite Oithona being a dominant taxon in both time series, the abundance ratio between the CPR and Dove is 47:1, whereas the abundance ratios of all the other dominant copepods, most of which are large enough to be retained by the CPR mesh, are <20:1. In addition, for some taxa, such as Appendicularia and polychaetes, the observed differences in abundance may also be because such soft-bodied taxa have a tendency to become damaged and therefore uncountable in the CPR device, due to being compressed between the filtering and covering silks (Figure 1 ).
It could be argued that the observed differences in abundance were due to the different depths sampled. The CPR samples at ~7 m depth (Hays and Warner, 1993) , whereas data for the majority of taxa in the Dove programme originate from the vertical WP2 hauls. However, although many zooplankton taxa are able to maintain a fixed position in the water column, we believe that such differences in sampling depth cannot be responsible for much of the 15 times difference in abundance between the two series. First, as the CPR device samples during both day and night, this should assist in averaging out the abundances of those taxa which undergo diurnal vertical migration. In addition, the fact that the water column in this region is shallow (<70 m) and mixed for most of the year, combined with the turbulence from the high-speed passage and large displacement of the towing vessel, should also reduce the effect of differences in sampling depth.
Examination of the CPR counting system (Warner and Hays, 1994) by applying it to the Dove data shows that it exhibits a small bias (~4%) towards lower abundances and so contributes to, but cannot be wholly responsible for, the differences in abundance observed (Figure 8 ). From such a negligible difference, it is confirmed that the counting system is an appropriate method to reduce the sample processing time. 
